Animals rely on olfaction to navigate through complex olfactory landscapes, but the mechanisms that allow an animal to encode the spatial structure of an odorous environment remain unclear. To acquire information about the spatial distribution of an odorant, animals may rely on bilateral olfactory organs and compare side differences of odor intensity and timing [1] [2] [3] [4] [5] [6] or may perform spatial and temporal signal integration of subsequent samplings [7] . The American cockroach can efficiently locate a source of sex pheromone even after the removal of one antenna, suggesting that bilateral comparison is not a prerequisite for odor localization in this species [8, 9] . Cognate olfactory sensory neurons (OSNs) originating from different locations on the flagellum, but bearing the same olfactory receptor, converge onto the same glomerulus within the antennal lobe, which is thought to result in a loss of spatial information. Here, we identified 12 types of pheromone-responsive projection neurons (PNs), each with spatially tuned receptive field. The combination of (1) the antennotopic organization of OSNs terminals and (2) the stereotyped compartmentalization of PNs' dendritic arborization within the macroglomerulus (MG), allows encoding the spatial position of the pheromone. Furthermore, each PN type innervates a different compartment of the mushroom body, providing the means for encoding spatial olfactory information along the olfactory circuit. Finally, MG PNs exhibit both excitatory and inhibitory spatial receptive fields and modulate their responses based on changes in stimulus geometry. In conclusion, we propose a mechanism for encoding information on the spatial distribution of a pheromone, expanding both our understanding of odor coding and of the strategies insects adopt to localize a sexual mate.
SUMMARY
Animals rely on olfaction to navigate through complex olfactory landscapes, but the mechanisms that allow an animal to encode the spatial structure of an odorous environment remain unclear. To acquire information about the spatial distribution of an odorant, animals may rely on bilateral olfactory organs and compare side differences of odor intensity and timing [1] [2] [3] [4] [5] [6] or may perform spatial and temporal signal integration of subsequent samplings [7] . The American cockroach can efficiently locate a source of sex pheromone even after the removal of one antenna, suggesting that bilateral comparison is not a prerequisite for odor localization in this species [8, 9] . Cognate olfactory sensory neurons (OSNs) originating from different locations on the flagellum, but bearing the same olfactory receptor, converge onto the same glomerulus within the antennal lobe, which is thought to result in a loss of spatial information. Here, we identified 12 types of pheromone-responsive projection neurons (PNs), each with spatially tuned receptive field. The combination of (1) the antennotopic organization of OSNs terminals and (2) the stereotyped compartmentalization of PNs' dendritic arborization within the macroglomerulus (MG), allows encoding the spatial position of the pheromone. Furthermore, each PN type innervates a different compartment of the mushroom body, providing the means for encoding spatial olfactory information along the olfactory circuit. Finally, MG PNs exhibit both excitatory and inhibitory spatial receptive fields and modulate their responses based on changes in stimulus geometry. In conclusion, we propose a mechanism for encoding information on the spatial distribution of a pheromone, expanding both our understanding of odor coding and of the strategies insects adopt to localize a sexual mate.
RESULTS

Identification of PNs with Localized Receptive Fields in the Macroglomerulus of P. americana
The primary component of the female sex pheromone, i.e., periplanone-B [10] , is processed within the cockroach antennal lobe (AL)-the first odor processing center and analog to the mammalian olfactory bulb-in a specialized globular structure known as the macroglomerulus ([MG] ; Figures 1A and 1B) . The MG receives convergent inputs from about 36,000 periplanone-B-responsive olfactory sensory neurons (OSNs) housed in peg-like structures (sw-B sensilla) distributed along the ipsilateral antennal flagellum ( Figure 1B , inset) [11, 12] . Olfactory signals processed in the MG are relayed by multiple output neurons, i.e., projection neurons (PNs), to the protocerebrum ( Figures 1C and 1D ), whereas ordinary glomeruli are normally innervated by only one uniglomerular PN ( Figure 1E ). Upon periplanone-B detection, male cockroaches orientate toward the odor and exhibit stereotyped courtship behavior when in close proximity of the pheromone source [13] .
Using in vivo intracellular recording techniques in awake animals, we identified a group of PNs, which responded selectively to site-specific periplanone-B stimulation of the antennal flagellum. Based on their morphological and physiological profile, we were able to identify 12 types of uniglomerular PNs with dendritic innervation confined to the MG ( Figures 1H-1K and S1 ). In light of the fact that each PN type seems to be represented only once for MG, this is the largest number of output neurons found to originate from a single glomerulus in an animal [14] . For all observed PN types, the primary axon joins the axons of the other uniglomerular PNs, collectively forming the medial antennal lobe tract (mALT) [15] , and the axon terminals extend to the mushroom body (MB) and the lateral horn (LH) (Figures 1H-1K ). The number of PNs identified by means of intracellular recordings is in agreement with the total number of MG projection neurons, as revealed by local dye injection into the MG (Figures 1F and 1G ; 14 ± 0.57, n = 7) [16] . The cell bodies of all PNs were scattered within the type-2 uniglomerular PNs cluster (dashed line, Figure 1C) Figure 1K ) [18] exhibited excitatory responses to periplanone-B in any region of the antenna. Medium-sized receptive field PNs showed excitatory responses upon stimulation of the proximal, medial, or distal portion of the flagellum (M1 to M3, Figure S1 ). Smallreceptive-field PNs (S-PNs) instead responded only when the pheromone was delivered to more specific regions of the antenna ( Figures 1H-1J , S1, and S2). Neither wind nor tactile stimuli applied to the flagellum evoked detectable responses in any of these PNs ( Figure S2 , bottom trace). S-PNs were numbered according to the location of their receptive field on the flagellum, with peak responsiveness to periplanone-B progressively shifting from the most proximal region (S1) to the distal end of the flagellum (S8) ( Figure 1L ). The size of the excitatory receptive field, defined as the flagellar region evoking >50% of the maximum response, was relatively constant across S-PNs (11-14 mm), and neighboring excitatory receptive fields were largely overlapping ( Figure 1L ). Response properties also differed among the different types of PNs. S1-and S2-PNs showed a higher peak firing rate than other S-PNs and L1-PNs ( Figures 1L, 2A , and 2B), and this was consistent across the whole dose-response curve ( Figure 2C ). S1-PNs responded with tonic spike responses to a stimulus applied to the proximal end of the flagellum (Figure 2A ), whereas L1-PNs exhibited intermittent responses interspersed with inhibition ( Figure 2B ). Response onset latency was also variable, with S1-PNs (121 ± 4.3 ms; Table S1 ) being significantly faster than L1-PNs (160 ± 5.9 ms, p < 0.001, n = 4 [20 trials] and 6 [32 trials] respectively; unpaired two-tailed Welch's t tests).
Here, we have focused our attention on small-sized receptive field PNs. Indeed, such a highly specialized subglomerular compartmentalization was never reported before in an olfactory circuit, and the development of small-sized receptive fields neurons may be functional for encoding pheromone spatial distribution.
S-PNs Have Both an Excitatory and an Inhibitory Receptive Field
In the visual system, a common feature of neurons' receptive fields is inhibitory subfields or surrounds [19] , a phenomenon that has not been reported for olfactory neurons yet. In consistency with the presence of inhibitory subfields, when a S-PN was stimulated outside its receptive field, its spontaneous activity was inhibited ( Figures 2D and 2E) , regardless of the position of the stimulus on the flagellum ( Figure 2J ). Likewise, excitatory responses elicited by localized stimulations were inhibited when surrounding areas were stimulated ( Figure 2F ). Finally, we manipulated stimulus size to measure how the width of a stimulus influences periplanone-B-evoked responses in S-PNs. As expected, induced responses of S1-PNs were reduced when inhibitory subfields were stimulated along with excitatory subfields ( Figures 2G-2I , 2K, and 2L). In contrast, the large-sized receptive field L1-PN showed an increase in spike frequency when a larger area was stimulated ( Figure 2L ), thus revealing no influence of a putative inhibitory subfield.
S-PNs Display a Stereotyped Dendritic Arborization
Next, we tested whether differences in PNs' morphology within the MG could account for differences in their receptive fields. Thus, we measured dendritic volume, cell-body size, and axonal diameter of small-sized receptive field PNs, observing that all increase progressively from S8-to S1-PNs (Table S1 ). The dendrites of S1 to S8 neurons collectively form a progressively layered topography that mirrors the proximal-to-distal locations of their receptive fields on the flagellum: S8-PNs dendrites occupy the medial-most core of the MG and are progressively enveloped by S7 to S1 neurons, with S1-PNs occupying the most lateral region of the MG ( Figure 3C ). Notably, proximalreceptive field PNs (e.g., S1, S2) present a larger dendritic volume (Table S1 ). This could be due to the presence of a larger number of synaptic inputs, derived from a larger number of OSNs in the proximal region of the antenna [11, 20] . In the central region of the MG (20 mm in thickness), PNs with neighboring excitatory receptive fields exhibited correspondingly overlapped dendrites ( Figures S3A and S3B ). The dendrites of L1-PNs were distributed throughout the MG [18] but were densest near the medial region of the glomerulus ( Figure S3C ). This may compensate for a reduced input to this region resulting from fewer OSNs on the distal region of the flagellum and may help maintain constant sensitivity throughout the flagellum [20] .
Afferent Neurons Topography Defines S-PNs' Receptive Field To reveal the innervation topography of OSN afferents in the MG, we experimentally degenerated sub-populations of sensory neurons by amputating the antennal flagellum at different proximal-distal locations and anterogradely stained the remaining afferents with rhodamine ( Figures 3A and 3B ). After amputation of the more proximal flagellum, the degenerated axons (i.e., the unstained area) progressively spread from the medial to the lateral regions of the MG (arrows, Figure 3B ). This means that OSNs associated with the more proximal regions of the flagellum project to the more lateral regions of the ipsilateral MG, consistent with the antennotopic organization, in which more proximal OSN afferents tend to terminate in more proximal glomerular regions relative to their axonal entry point (white arrow, Figure 3B ) [21] . These results suggest that the proximo-distal arrangement of the periplanone-B-receptive sensory neurons along the flagellum is maintained in the MG by their projection patterns. To quantify the extent to which S1-to S8-PNs' dendritic fields match the axon terminal fields of proximal-to-distal OSNs, we measured the width of OSNs' terminals ( Figure 3D , n = 105) and the localization of PNs' dendritic arborization ( Figure 3C ) in the central region of the MG (5 mm in thickness, see Figure 3E ). Correlation analysis between the two series of measurements showed that the excitatory receptive fields predicted from the overlapping of sensory output and PNs input location, matched the excitatory receptive fields that was measured in electrophysiological recordings ( Figure 3F , correlation coefficient R = 0.98). Thus, size and position of S-type neurons' receptive field can be predicted from their dendritic morphology, and vice versa, providing a reliable mechanism to encode spatial information of the odorant stimulus.
Spatial Information Is Maintained from the Antennal Surface to the Mushroom Bodies Finally, to investigate whether spatial information is maintained in higher-order brain centers, we examined the spatial layout of (G-I) Spike responses of a S1-PN to different stimulus sizes: ø 1 mm (G), ø 22 mm (H), and longitudinal stimuli comprising the whole flagellum (I). Each trace refers to different animals; each raster plot refers to multiple stimulation of the same animal. (J) Spontaneous frequency histograms of S1-PN before (pre) and after stimulating the inhibitory receptive field at 28 or 34 mm from the flagellar base (S1-PN: 28 mm, p = 0.0046, n = 5; 34 mm, p = 0.018, n = 6). (K and L) Spike frequency histograms of S1-PN (blue) and L1-PN (yellow) to progressively larger stimuli (ø 22 mm, whole antenna), relative to a small stimulus (ø 1 mm) at the base of the antennal flagellum (K): ø 1 mm versus ø 22 mm for S1-PN, p = 1.5 3 10 À5 , n = 9 and 11, respectively; ø 1 mm versus ø 22 mm for L1, p = 0.78, n = 10 and 11, respectively) (L): ø 1 mm versus whole antenna (W) for S1-PN, p = 2.18 3 10 À13 , n = 12 and 17; ø 1 mm versus whole antenna for L1-PN, p = 1.73 3 10 À5 , n = 13 and 10, respectively). ***p < 0.001, **p < 0.01, *p < 0.05, n. s. p > 0.1. Error bars indicate SEM. S-PNs' terminals within the MB and the LH. In the MB, axon terminals of small-sized receptive field PNs possess small amorphous swellings (Figure S4L-S4N ; Movie S1), in contrast to the large, tuft-like swellings of L1 (Movie S1) and other uniglomerular PNs ( Figures S4J and S4K) [17, 18] . This could suggest that PNs with local receptive field form synaptic contacts with a limited number of Kenyon cells (KCs), i.e., MB intrinsic neurons. Within each MB lobe, new KC axons are added in layers during nymphal development [22] . Dye injection in localized areas of the MB lobes (n = 225; Figures 4A 0 -4F 0 ) revealed that the dendritic arborizations of KCs formed in different postembryonic developmental stages pioneer specific regions of MB calyces, forming a complex folded map ( Figures 4A-4F, 4O, and 4P ). Single-cell labeling showed that S8-to S1-PNs' terminals are progressively mapped in more recently developed areas (Figures 4G-4N ), which are pioneered by dendrites of KCs of progressively recent development (arrows, Figures 4A-4F ). This suggests that PNs with a distal receptive field (i.e., S8, S7) may appear early in the development and make synaptic contacts with older KCs, while PNs with proximal receptive field (i.e., S1, S2) may form later and interact with KCs of more recent development. Notably, terminal varicosities of different S-PN types never overlapped according to observations in specimens in which multiple PNs are stained (n = 52; Figures S4A-S4H) .
In contrast, axon terminals of all PN types converge in the triangular-shaped, sex-pheromone-specific processing region of the LH (the antero-medial LH, outlined by a white broken line in Figures 4Q and 4R ) without any topographical segregation (Movie S2). These anatomical data suggest that S-type PNs progressively bridge distal/early formed OSNs with early developed KCs and proximal/later-formed OSNs with later-developed KCs, allowing preservation of the spatial information of the pheromone from the antennal surface to the AL and to the MB ( Figure 4S ).
DISCUSSION
In this study, we present an entirely novel mechanism for encoding the spatial distribution of a volatile molecule. Exploiting the highly specialized sex-pheromone-detection machinery of the male cockroach, we have shown how the olfactory circuit is capable of encoding periplanone-B spatial distribution. Our results show that the olfactory circuit of the cockroach encodes size and position of the pheromone stimulus by detecting which sensory neurons are activated along the antennae and transferring this information up to the MB. In analogy to the visual processing system [19] , largely overlapping receptive fields of S-PNs are sharpened by inhibitory receptive fields along the flagellum, allowing the MG to encode spatial information of pheromone distribution down to a millimeter-scale resolution. In addition, the spatial map generated by the array of sensory neurons distributed along the antenna is constantly updated as the animal probes the surrounding airspace [23] , and its temporal integration provides dynamic information on odor plumes movements. Finally, the olfactory information conveyed to the MG is preserved in the MB, a putative center for spatial memory formation [24] .
A comparison between small-and large-sized receptive field neurons revealed a striking difference in their response profile. S-PNs reliably showed a continuous firing activity in response to periplanone-B stimulation. In addition, proximal receptive field PNs had a shorter response delay than distal receptive field PNs. Such effect could be partially attributed to a delay in sensory input, which is generated in distal olfactory sensory neurons. On the other hand, large-sized receptive field PNs receive sensory inputs from OSNs along the whole antennal length. Nevertheless, they show longer response latencies that cannot be explained by a longer traveling distance and a firing profile characterized by action potentials interspersed by intermittent inhibitory periods. These experimental observations, together with the finding that S-PNs receptive fields faithfully reflect the topographic segregation of OSN afferents, suggest the existence of excitatory monosynaptic connections between S-PNs and the sensory afferents relative to their receptive field. In parallel, inhibitory local interneurons driven by OSNs placed outside their receptive field could mediate the observed inhibition. Instead, the delayed response of L1-PNs advocates for polysynaptic connections between OSNs and L1-PNs [25] , whereas the presence of a complex interplay between excitatory and inhibitory inputs may generate the more intermitted firing profile. The neuroanatomy of the MG local network will need to be further investigated to fully appreciate the functional role of these parallel processing networks.
Previous reports showed that walking cockroaches tend to navigate on the edge of an odor plume rather than at its center [9] . Projection neurons with excitatory receptive field near the proximal end of the flagellum are particularly relevant for this explorative behavior. In fact, when the animal is in close proximity of a plume edge, spatial contrast is maximized, and the difference in response between proximal and distal receptive field S-PNs may allow fine odor-edge detection. In such context, the presence of small-, medium-, and large-sized receptive field PNs is likely to play a role in decoding subtle changes in odor structures, e.g., spatial and temporal discontinuities and odor filaments asynchronies.
Our results also showed that the formation of receptive fields is closely related to nymphal development typical of hemimetabolous insects. The cockroach molts 11 times to become an adult See also Figure S4 and Movies S1 and S2. [26] . At each molt, approximately 4-14 new annuli are added to the proximal end of the flagellum, leading to the emergence of new olfactory sensilla housing OSNs [27] . Newly emerged sensory neurons innervate the macroglomerulus branching closer to the entry site and surrounding the pre-existing OSNs terminals, preserving an antennotopic distribution [21] . Hence, an array of PNs with compartmentalized dendritic arborization distributed along the medio-lateral axis of the MG establishes synaptic connections with a well-defined subset of afferent neurons along the distal-proximal axis of the antenna. This consideration is supported by the fact that the large increase in the number of sensory afferents that occurs from the sixth instar to adult stage [26] is compensated by a parallel increase of dendritic volumes from S6-to S1-PNs. Also, the excitatory receptive field of S1 neurons includes meriston and meristal segments that arise during the final molt [27] , whereas the excitatory receptive field of the neighboring S2 neurons, possibly established earlier in development, is devoid of the most recently developed segments. A similar developmental model seems to apply the S-PNs/KCs connectivity pattern, for which S8-to S1-PNs form output synaptic connections with early to late-developed KCs. Although the development of S-PNs has not been investigated yet, it is plausible that they also are sequentially generated-from S8 to S1-across subsequent developmental stages. It is worth noticing that if newer S-PNs were added at each molt, 11 S-PNs should be detected. Indeed, we do suspect that this is the case, although early generated S-PNs may be degenerated due to physical pressure during molting [27] .
PNs' terminals are broadly distributed in the MB, a neuropil involved in processes such as multimodal sensory integration and associative learning [17] . Here, we have shown that S-PNs' terminals display a stereotyped distribution, suggesting that the spatial information encoded in the MG can be relayed to the MB. Although speculative, this may indicate that the MB is involved in processing pheromone spatial information. This is also reasonable, given that navigation toward an odor source requires multimodal sensory integration, including proprioceptive information on antennal position and olfactory information acquired in different spatial and temporal points through serial odor sampling. On the contrary, we report that axons terminals of different S-PNs were largely intermingled in the anteromedial region of the LH, i.e., the sexual-pheromone-specific area, where PNs that process both major (periplanone-B) and minor (periplanone-A) components of the female sex pheromone converge [18] . Interestingly, although spatial information appears to be lost, we observed that the volume of S-PNs' axon terminals in the LH was proportional to the volume of the dendritic arborization in the MG and that proximal receptive field S-PNs may provide more synaptic input onto this region than distal receptive field neurons.
The distribution of S-PNs within the macroglomerulus have evolved through hundreds of millions of years of selective pressure to efficiently localize the sexual mate and increase individual fitness. The use of a highly specialized sub-compartment of the cockroach olfactory circuit as a model system has been instrumental in revealing a fine mechanism for the acquisition of spatial information on the olfactory surroundings. The direct correspondence of the antennal surface with a stereotyped antennotopic structure within the brain, coupled with continuous active sensing of the surrounding air space, provides the neuroanatomical means to generate an internal representation of the pheromone distribution.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Animals
Adult virgin male cockroaches, P. americana, were reared in 12:12 h light/dark cycles at 27 C. Males were kept separated from their last instars to prevent mating. Adults aged 10-30 days (after the final molt), and with the right antenna longer than 130 flagellar annuli (about 4-5 cm of length) were used for experiments. Intracellular recordings were performed during the 12 h dark cycle.
METHOD DETAILS Olfactory Sensory Neuron Labeling
Olfactory sensory neurons' axons degeneration was experimentally induced by distal segments amputation to reveal the fine topographic projection patterns of OSN axon terminals. Preliminary experiments showed that 1) the nerve just proximal to the amputation site remains intact and 2) it takes $8 days for amputated OSNs axons to degenerate almost completely. The right flagellum of a briefly anesthetized cockroach was cut with fine microscissors (Vananas Scissors 501778, World Precision Instruments, FL, USA) at different proximal-distal levels. After an 8-day recovery period with food and water supplied ad libitum, the antennal sensory afferents were anterogradely stained by cutting the antennal nerve at the level of the scape and placing the cut end into a tapered glass electrode filled with a 5% aqueous solution of micro-Ruby (Life Technologies, CA, USA). Dye-injected specimens were incubated in a humid chamber at 5 C for 12-16 h, after which the brain was dissected and processed for confocal microscopic observation. Similar anterograde OSNs labeling was performed following intracellular PNs labeling.
Projection Neuron Labeling
Almost all uniglomerular PNs were stained retrogradely by introducing crystals of microemerald (Life Technologies, CA, USA) into the medial antennal lobe tract after the medial region of the protocerebrum had been desheathed. To specifically stain PNs innervating the MG, crystals of fluorescein-dextran attached to the tip of a blunt microelectrode that extended from a manipulator were REAGENT introduced into the MG after the sheath covering the MG had been carefully removed. Dye-injected specimens were incubated in a humid chamber at 5 C for 24 h and processed for confocal microscopic observation.
Kenyon Cell Labeling
A population of Kenyon cells was stained by introducing manually micro-Ruby attached to the tip of a microelectrode into the vertical lobe. Usually the dye was picked up by one to several sequential layers of Kenyon cell axons [22] and retrogradely stained their cell bodies and dendrites. Dye-injected specimens were incubated in a humid chamber at 3 C for 36 h and processed for confocal microscopic observation. After imaging the whole-mount specimens, they were dehydrated, and transverse sections were made manually by a razor blade (FA-10, Feather Corp., Japan) for further confocal microscopic observation.
Stimulus Delivery
The basic set-up for odorant stimulation was identical to that used in previous studies [18] . The right antenna was laterally threaded through six thin rings (0.5 mm in width and 1.5 mm in diameter placed at 4.5-mm intervals). Eight tapered glass nozzles with a 1-mm interior diameter were set at 6-mm intervals (except for the most proximal nozzle), and were fixed orthogonally 1 mm in front of the anterior side of the antenna, so that the air stream always hit the identical region of the flagellum. Subtle adjustment of the flagellar position was achieved by hooking part of the flagellum with a tungsten crochet needle extended from a manipulator. In addition, a single manually operated glass nozzle (1 mm in tip diameter) was used for testing responses to blank stimuli and stimuli of different dosages. For wider stimuli application, the flagellum was sandwiched by a pair of glass tubes with different tip diameters (ø = 10 and 20 mm) so that a wind tunnel was formed. The tube behind the antenna was used for drawing air gently via a vacuum system. Each glass nozzle/tube was connected to a stimulus cartridge via a Teflon tube (inner diameter: 5 mm), in which odor passage was controlled by a two-way valve (AB31-02-2, CKD, Japan). The distance between the cartridge and the outlet was set at 10 cm. An air current of 0.125 L/min was passed through a cartridge containing filter paper (3 3 30 mm) absorbed with 10 À3 ng synthetic periplanone-B [10] . This amount of pheromone has been shown to moderately stimulate periplanone-B-sensitive OSNs. Flow rates measured at the exit point of the glass nozzle (ø 1 mm) was 67 cm/s and those of glass tubes (ø 22 mm) were 32 cm/s. The duration and frequency of olfactory stimuli were controlled by a solenoid valve. Unless otherwise stated, the stimulus duration was set at 300 ms. To avoid sensory adaptation, a sufficient interval (> 30 s) was set between stimulations at the same location.
Residual air was continuously removed by means of a vacuum system set opposite to the stimulus site in the recording setup. The glassware and cartridges were thoroughly washed to prevent contamination between recording sessions. In preliminary experiments, TiCl 4 was used in place of the odor stimulus to estimate the extent of the stimulated zone. With the glass nozzle tip located 1 mm from the flagellum, the TiCl 4 stream subtended a region of the flagellum not larger than 1.8 mm, or 4.5% of its total average length. A photo-ionization detector (Model 200B, Aurora Scientific Inc.) and conventional electroantennogram (EAG) recordings were used to measure the rate of odor delivery.
Neurophysiology
Microelectrodes were made using a laser puller (Sutter) and filled with 8% Lucifer Yellow (Sigma-Aldrich) in 1 M LiCl 2 or 2% Alexa Fluor 568 hydrazide (Life Technologies) dissolved in 200 mM KCl. For single neuron recordings, the input resistances were between 60 and 70 MU for Lucifer Yellow, and between 90 and 110 MU for Alexa Fluor 568. A cockroach, briefly anesthetized by carbon dioxide, was fixed onto a handcrafted acrylic chamber with low-melting point wax [18] . The head was positioned in a shallow chamber (7 mm 3 1 mm 3 4 mm) and blocked with wax. A small rectangular window was cut in the head cuticle between the compound eyes, muscles and trachea were displaced to exposed the brain surface. The brain was immersed in cockroach saline to bridge electrically with a silver rod (diameter, 300 mm) that was inserted into a cavity formed by removal of the esophagus. For single neuron recordings and sequential double labeling, the electrode was inserted into the exit point of the medial antennal lobe tract, close to the lateral horn. Notably, spontaneous spike activity of these PNs was generally low (0.5-3 Hz).
To simultaneously observe activity from more than two PNs, multi-unit recordings were performed in the LH, where axons of periplanone-B-receptive PNs form a tight bundle. The position of the electrode was adjusted to record two to four units simultaneously. During recordings, PN types were readily identifiable based on their receptive fields and response delays. Projection neurons were stained as described above. We subsequently confirmed that the magnitude of action potentials was proportional to the intensity of PN staining.
Confocal Microscopy and Morphological Analysis
Morphological analyses were conducted with a LSM510 Pascal (Zeiss) confocal scanning microscope. Optical sections were acquired at 1.0-1.3-mm intervals and reconstructed three-dimensionally with Amira software ver. 5.5 (Visage Imaging GmbH). Selected neuronal regions were further processed using surface and volume rendering functions to calculate the volume of the region of interest and generate 3D reconstructions. The terminal varicosities were readily identifiable from the characteristic swellings located around the tips of axonal branches [18] .
The distribution pattern of PNs' dendritic terminals within the central region of the glomerulus (20 mm in thickness, corresponding to 15-16 optical sections) was detected using Amira software, and further processed by means of a custom-written Excel macro (Microsoft, 2010 version) for glomerular size normalization. The shortest distance from the lateral half outline of each glomerulus was then quantified.
e2 Current Biology 28, 600-608.e1-e3, February 19, 2018 Statistical Analysis Results were based on 58 S1, 10 S2, 7 S3, 4 S4, 6 S5, 6 S6, 4 S7, 1 S8, 42 M1, 4 M2, 7 M3, and 42 L1 PNs that were singly recorded and stained. Additionally, 52 multiply recorded and stained neurons were used for physiological data evaluation. We used paired two-tailed Student's t test for evaluating responses to excitatory and inhibitory receptive fields in the same PN. To compare data obtained using different-sized stimuli and different types of PNs (e.g., response times), we applied unpaired two-tailed Student's t test or unpaired two-tailed Welch's t test according to the evaluation of data distribution using an F-test. To assess the quality of S-PNs predicted receptive fields ( Figure 3F ), we performed a correlation analysis between mean predicted and measured receptive fields across S-PNs.
Terminology
The assignments of twelve PNs are based on careful observations of morphology and physiology of single neuronal recordings/ stainings and of multineuronal recordings/stainings in the same specimens. The body axis is used as the reference against which positions and directions are defined. Unless otherwise stated, brain neuropils are viewed anteriorly. We follow the naming conventions for brain neuropils and tracts found in Ito et al. [15] . For convenience, PNs that were previously termed B-PN [18] were re-named as L1-PNs because of their large receptive field covering the whole flagellum.
